RNA interference, a natural biological phenomenon mediated by small interfering RNAs (siRNAs), has been demonstrated in recent studies to be an effective strategy against human immunodeficiency virus type 1 (HIV-1). In the present study, we used 21-bp chemically synthesized siRNA duplexes whose sequences were derived from the gp41 gene, nef, tat, and rev regions of viral RNA. These sequences are conserved in select neurotropic strains of HIV-1 (JR-FL, JR-CSF, and YU-2). The designed siRNAs exerted a potent antiviral effect on these HIV-1 strains. The antiviral effect was mediated at the RNA level (as observed by the down-regulation of the HIV-1-specific spliced transcript generating a 1.2-kbp reverse transcription [RT]-PCR product) as well as viral assembly on the cell membrane. Spliced transcripts (apart from the most abundant transcript generating a 1.2-kbp RT-PCR product) arising from an unspliced precursor likely contributed, albeit to a lesser extent, to the antiviral effect. The resultant progeny viruses had infectivities similar to that of input virus. We therefore conclude that these siRNAs interfere with the processing of the unspliced transcripts for the gp41 gene, tat, rev, and nef, eventually affecting viral assembly and leading to the overall inhibition of viral production. Apart from using the gp41 gene as a target, the conservation of each of these targets in the above-mentioned viral strains, as well as several primary isolates, would enable these siRNAs to be used as potent antiviral tools for investigations with cells derived from the central nervous system in order to evaluate their therapeutic potential and assess their utility in inhibiting HIV-1 neuropathogenesis and neuroinvasion.
Vaccines and drugs have thus far been the method of choice for combating viral infections. These agents typically work by inhibiting the function of crucial viral proteins. RNA interference (RNAi) is a newly described natural biological phenomenon mediated by small interfering siRNAs (siRNAs), which target viral mRNAs, rather than the proteins that they encode, for degradation by cellular enzymes. The potential of siRNAs to treat or prevent disease has yet to be proven. However, several proof-of-concept studies have demonstrated the usefulness of siRNAs in controlling a diverse group of human viruses and pathogens (15, 16, 24, 25, 32-35, 38, 40, 50, 51, 53, 55, 70) . These data suggest that siRNAs may be widely used as alternate therapeutic agents. RNAi does work effectively as an antiviral agent in cell cultures (25, 33, 50) . The emergence of siRNAs as a powerful tool for posttranscriptional gene silencing has given credence to the notion of using siRNAs for certain therapies. In addition, several innovative methods of delivering siRNAs to a wide variety of primary cells are now available (7, 18, 71) . These developments are indicative of an increasingly stronger role for siRNAs as a potential therapeutic strategy.
Human immunodeficiency virus (HIV) type 1 (HIV-1) infection is a worldwide disease that requires alternate therapeutic strategies. Despite significant advances, current treatments are limited by toxicity, complexity, cost, and resistance. The last issue is the most critical one, as partial virus suppression allows for the evolution of resistant viruses and the creation of virus reservoirs unaffected by therapeutic agents. The emergence of resistant viruses reduces drug activity and limits future treatment options (48) . Of note, HIV-1-specific siRNAs exert potent antiviral effects in a variety of cell culture systems (33, 50) . siRNAs containing cognate sequences present within different regions of the HIV-1 genome inhibit infection by specifically degrading genomic HIV-1 RNA, thereby preventing the formation of viral cDNA intermediates (33) . HIV-1-specific siRNAs can inhibit infection in permanent cell lines, primary CD4 ϩ T cells, and macrophages (60) . The viral life cycle is inhibited after fusion and before reverse transcription (RT) or during the transcription of viral RNA from integrated provirus.
Two main approaches have emerged for siRNA-mediated inhibition of HIV-1 infection. Both viral proteins (15, 16, 33, 38, 50) and the cellular coreceptors (4, 13, 44, 54, 74) used by HIV-1 have been targeted for down-regulation by siRNAs. There are certain perceived shortcomings to both approaches. Targeting viral proteins has been shown to generate escape mutants (10, 17) . A combinatorial approach involving targeting several regions of the viral genome may ameliorate the generation of escape mutants, although this theory has not been proven. Chemokines and their receptors play a critical role in host immune surveillance. siRNA-mediated down-regulation of chemokine receptors may compromise important immune functions (23, 75) . A series of studies with the mouse nervous system have demonstrated the crucial role played by the chemokine receptor CCR5 in preventing disease progression dur-ing the acute and chronic stages of infection of mice with hepatitis virus, which replicates in glial cells and neurons during the acute stage (26) (27) (28) (29) . Currently, we can only speculate on which approach will become the method of choice (53) .
siRNA duplexes targeting the essential Tat and Rev regulatory proteins encoded by HIV-1 can specifically block their expression and function. These same siRNAs can effectively inhibit HIV-1 gene expression and replication in cell cultures, including human T-cell lines and primary CD4 ϩ T lymphocytes (16) . siRNAs have also been successfully targeted to block the HIV-1 p24 core antigen (15) , gp120 (52) , and vif, nef, and the HIV-1 long terminal repeat (LTR) (33) . siRNAs against chemokine receptors effectively eliminated their cell surface expression and thereby prevented HIV-1 from entering target cells. siRNAs mediated the silencing of the chemokine receptor genes specifically without influencing CD4 expression. The suppression of HIV-1 coreceptor expression effectively blocked the acute infection of CXCR4 ϩ or CCR5 ϩ U87-CD4 ϩ cells by X4 (NL4-3) or R5 (BaL) HIV-1 strains (44) . Of note, in that study (44) , viral growth in controls was extremely high, suggesting an unusual level of viral replication. A similar study was conducted with human peripheral blood CD4 ϩ T lymphocytes. A lentivirus-based vector was used to introduce siRNA against CCR5. Substantial protection of lymphocyte populations from CCR5-tropic HIV-1 infection was achieved (54) . In another study, Zhou et al. demonstrated selective inhibition of CXCR4-tropic cell-free virus infection of human cells by using siRNA targeting the CXCR4 coreceptor (74) .
As noted above, the antiviral effects of HIV-1-specific siRNAs were demonstrated by several research groups (4, 13, 15, 16, 33, 38, 44, 50, 54, 74) . However, the targets that were selected in previous studies are not conserved among neurotropic strains of HIV-1. Primary isolates of HIV-1 that utilize the CCR5 coreceptor and that possess a non-syncytium-inducing (NSI) phenotype are widely perceived as neurotropic (59) . However, some studies have indicated that microglial tropism is distinct from that for monocyte-derived macrophages (63) and has a decreased dependence on CCR5/CD4 (30) .
In the current study, nine siRNAs were designed to contain cognate sequences present within the coding regions for the gp41 gene, tat, rev, and nef. Of these nine siRNAs, three siRNAs, two of which are derived from the gp41 gene and one of which is derived from nef, have been studied in detail. We designed our HIV-1-specific siRNAs by ensuring that the sequences are conserved among viral isolates that meet the criteria which define a neurotropic strain (R5 tropic and NSI [R5/NSI]). The strains of HIV-1 selected for this investigation, apart from possessing an R5/NSI phenotype, were isolated from brain tissues or cerebrospinal fluid. In addition to being conserved among select neurotropic strains, the cognate sequences of these siRNAs are also relatively well conserved among several primary isolates. A novel aspect of this study was the demonstration of an antiviral effect of the siRNA derived from the HIV-1 gp41 gene. These HIV-1-specific siRNAs targeting transcripts for the gp41 gene, tat, rev, and nef will degrade both unspliced and spliced transcripts in these regions of the HIV-1 genome (21, 67) . The present study enabled us to determine whether these siRNAs can be used as antiviral tools for investigations with cells derived from the central nervous system (CNS) in order to evaluate their therapeutic potential and assess their utility in inhibiting HIV-1 neuropathogenesis and neuroinvasion.
MATERIALS AND METHODS
Cell lines. The HeLaCD4-LTR-␤-Gal cell line was obtained from the National Institutes of Health AIDS Research and Reference Reagent Program (catalog number 1470). HeLaCD4-LTR-␤-Gal, HeLaCD4, and 293T cell lines were maintained in Dulbecco modified Eagle medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 50 U of penicillin G/ml, and 50 g of streptomycin/ml. Additionally, the culture medium for the HeLaCD4-LTR-␤-Gal cell line was supplemented with 0.2 mg of G418/ml and 0.1 mg of hygromycin B/ml. For HeLaCD4 cells, the culture medium was supplemented with 0.5 mg of G418/ml. Human monocytes were isolated by positive selection of CD11b ϩ cells from peripheral blood mononuclear cells obtained from healthy, HIV-1-seronegative donors. CD11b magnetic beads (Miltenyi Biotec) were used to identify the positive population, which was subsequently isolated by Automacs (Miltenyi Biotec). Monocytes (5 ϫ 10 6 cells/well in six-well plates) were allowed to adhere and differentiate into monocyte-derived macrophages (MDMs) for 7 to 10 days prior to infection with cell-free HIV-1. Monocytes were differentiated in DMEM containing 10% heat-inactivated FBS, 10% heat-inactivated horse serum, 2 mM L-glutamine, 50 U of penicillin G/ml, 50 g of streptomycin/ml, 0.5 ng of granulocyte-macrophage colony-stimulating factor/ ml, and 0.5 ng of macrophage colony-stimulating factor/ml.
Plasmid constructs. Plasmids pNL4-3, pYU-2, and pYK-JR-CSF, encoding HIV-1 clones NL4-3, YU-2, and JR-CSF, respectively, were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program (catalog numbers 114, 1350, and 2708, respectively) and have been described in detail elsewhere (2, 14, 42) .
Viral stocks. HIV-1 NL4-3 stocks were prepared by transfecting 293T cells with pNL4-3. Lipofectamine 2000 (Invitrogen) was used for transfection according to the manufacturer's instructions. Essentially, lipid complexes were generated by mixing pNL4-3 and Lipofectamine 2000 in Optimem-I reduced serum medium (Invitrogen). 293T cells in Optimem-I (70 to 90% confluent) on poly-D-lysine-coated plates (Becton Dickinson) were incubated with lipid complexes for 5 h. The medium was changed to Optimem-I containing 10% heat-inactivated FBS. At 48 h posttransfection, the supernatant containing viral particles was harvested, clarified of cellular debris by centrifugation at 10,000 ϫ g for 10 min, and filtered through 0.22-m-pore-size polyvinylidene difluoride membranes. Viral titers were determined by the p24 antigen enzyme-linked immunosorbent assay (ELISA) with an Alliance HIV-1 p24 ELISA kit (Perkin-Elmer).
siRNA selection and preparation. Web-based tools at the Ambion, Whitehead Institute for Biomedical Research, Massachusetts Institute of Technology, and National Center for Biotechnology Information websites were used for the selection of siRNA sequences and for BLAST searches. Apart from the Web-based tools, Jellyfish 3.0 (LabVelocity) was used to establish conservation among select primary viral isolates obtained from CNS-based cells or cerebrospinal fluid.
siRNA targets were selected from within the region of the HIV-1 NL4-3 genome containing the gp41 gene, tat, rev, and nef. Twenty-one-base-pair stretches downstream of AA repeats and with a GC content of 40 to 50% were initially selected (20, 31) . siRNA sequences were BLAST searched either in the expressed sequence tag (EST)-human database or databases containing viral nucleic acid sequences. In either database, BLAST searches were for "short nearly exact matches. " Sequences that were conserved among select neurotropic strains, YU-2, JR-CSF, and JR-FL, were BLAST searched against the ESThuman database to ensure the absence of homology to human transcripts. Sequences thus selected were further BLAST searched against primary isolates of HIV-1. Nine sequences showing maximal conservation among a wide variety of primary isolates were tested for their antiviral efficacy ( Fig. 1 and 2 ).
Chemically synthesized siRNAs were used (Dharmacon). siRNA duplexes with 3Ј AA overhangs were prepared, desalted, purified, and 2Ј deprotected. siRNA duplexes (20 M) were stored in 6 mM HEPES-KOH buffer (pH 7.5) containing 20 mM KCl and 0.2 mM MgCl 2 at Ϫ20°C. Scrambled (negative control) siRNA (Ambion) was used to ensure the specificity of the observed effects. This negative control siRNA lacks any sequence homology to transcripts in the human genome.
Antiviral assays. HeLaCD4 cells were transfected with chemically synthesized siRNA duplexes and subsequently infected with HIV-1 NL4-3. To each well of a six-well plate were added 0.6 ϫ 10 6 cells in DMEM containing 10% heatinactivated FBS and 2 mM L-glutamine. Approximately 18 h after plating, when the cells had reached 30% confluence, siRNA (10 pmol/well)-siPort lipid (Ambion) complexes in Optimem-I were added for transfection for 5 h. Lipid complexes were generated according to the manufacturer's instructions. Subse-quently, HeLaCD4 cells were infected with HIV-1 NL4-3 (multiplicity of infection [MOI], 0.1 pg of p24/cell) for 2 h. At the end of the 2-h period, cells were washed with phosphate-buffered saline to remove input virus. Cells were cultured in Optimem-I without any supplements. HIV-1 p24 antigen levels in cell extracts and culture supernatants were measured by an ELISA. The infectivity of progeny virions in culture supernatants was determined by multinuclear activation in a galactosidase indicator assay (MAGI assay) with a HeLaCD4-LTR-␤-Gal cell line as described previously (36) .
293T cells and HeLaCD4 cells were used in cotransfection experiments, wherein the antiviral efficacy of the siRNA was tested against a range of plasmid DNAs for NL4-3, YU-2, and JR-CSF. To each well of a six-well plate were added 10 6 cells in DMEM containing 10% heat-inactivated FBS and 2 mM L-glutamine. Approximately 18 h after plating, when the cells had reached at least 50% confluence, cells were transfected with siRNA and plasmid DNA was complexed with Lipofectamine 2000 (for 293T cells) or siPort lipid (for HeLaCD4 cells). In either setting, lipid complexes in Optimem-I were generated according to the manufacturer's instructions. Cells were incubated in the same medium during transfection. For each of the transfections, 10 pmol of each of three different siRNA duplexes (5, 6, and 8) was used along with plasmid DNAs (62.5 to 1,000 ng) for the above-mentioned HIV-1 strains. At the end of a 5-h transfection period, the culture medium was replaced with Optimem-I containing 10% heatinactivated FBS. HIV-1 p24 antigen levels in culture supernatants were measured by an ELISA.
MDMs were transfected with chemically synthesized siRNA duplexes and subsequently infected with HIV-1 NL4-3. At the time of transfection, macrophages were 50% confluent. For each of the transfections, 10 pmol of each of three different siRNA duplexes (5, 6, and 8) was used. siRNA-siPort lipid complexes in Optimem-I were generated according to the manufacturer's instructions. MDMs were incubated in Optimem-I for the duration of transfection and infection. MDMs were transfected with siRNA-lipid complexes for 5 h. Subsequently, they were infected with HIV-1 YU-2 (MOI, 0.1 pg of p24/cell) for 2 h. At the end of the 2-h period, cells were washed with phosphate-buffered saline to remove input virus. Cells were cultured in DMEM containing 10% heatinactivated FBS. HIV-1 p24 antigen levels in culture supernatants were measured by an ELISA at 2 and 9 days postinfection (dpi).
RT-PCR and Southern blotting. Total RNA was extracted from HeLaCD4 cells (transfected with siRNA and infected with HIV-1) at 2 dpi with an RNeasy minikit (Qiagen). RNA was incubated with DNase I (amplification grade; Invitrogen) to remove residual genomic DNA. RT was performed by SuperScript one-step RT-PCR with Platinum Taq (Invitrogen) and intron-spanning primers for HIV-1 NL4-3 to detect a spliced product(s) resulting from processing of the transcripts for the gp41 gene, tat, rev, and nef. The sense-antisense primer pair was HIV-5964-5983-F (5Ј-CTCCTATGGCAGGAAGAAGC-3Ј) and HIV-9486-9505-R (5Ј-TATATGCAGCATCTGAGGGC-3Ј); the numbers indicate the location of the sequence (or its reverse complement) in the NL4-3 genome. For RT of ␤-globin transcripts, previously described primer pair sets were used (56) . Reaction products were analyzed on 1% agarose gels. RT-PCR products were blotted onto Hybond N (Amersham) nylon membranes according to the manufacturer's instructions. Three internal probes corresponding to target sequences for siRNAs 5, 6, and 8 were used (Fig. 1) . Gene Images AlkPhos direct labeling and a CDP-Star detection system (Amersham) were used to label probes (directly with alkaline phosphatase) and for chemiluminescence detection of hybridized probes. Statistical analysis. Statistically significant differences between control and test groups were determined by Student's t tests. P values of Յ0.05 were considered significant.
RESULTS

HIV-1-specific siRNAs inhibit HIV-1 NL4-3 infection.
To test whether the designed HIV-1-specific siRNAs (Fig. 1 ) exerted an antiviral effect, we transfected HeLaCD4 cells with these moieties. The transfected cells then were infected with HIV-1 NL4-3 (MOI, 0.1 pg of p24/cell), and the HIV-1 p24 antigen levels in culture supernatants were measured. On day 1, siRNAs 1, 3, and 6 exerted a statistically significant antiviral effect (P Յ 0.003). In HeLaCD4 cells transfected with siRNA 6, HIV-1 p24 antigen levels were 49.5% those in the control (HeLaCD4 cells infected with HIV-1 NL4-3) (Fig. 3) . On day 2, all nine siRNAs exerted an antiviral effect ranging from 66.18 to 24.16% that seen in the control. The most potent effect was exerted by siRNA 5 (31.55% that seen in the control), siRNA 6 (24.17% that seen in the control), and siRNA 8 (37.04% that seen in the control) (P Յ 0.001). There was a significant decrease in the antiviral effect from day 1 to day 2 for siRNAs 1, 3, and 4 (P Յ 0.001). siRNAs whose cognate sequence was exclusively from within the gp41 coding region did not show this decrease in the antiviral effect. This result is in contrast to the results obtained with siRNAs 3 and 4, the cognate sequences of which overlap in the gp41 and rev coding regions. As noted above, both siRNAs 3 and 4 exhibited a gradual decrease in the antiviral effect. Hence, from our initial screening experiments, four of the nine siRNAs (2, 5, 6 and 8) seemed to be candidates for further analysis. siRNAs 2 and 8 did not exert a statistically significant antiviral effect at 2 dpi (P ϭ 0.462). Among siRNAs 2, 5, and 6, the cognate sequences of which are within the gp41 coding region, siRNAs 5 and 6 had a stronger effect than siRNA 2. In addition, siRNAs 5, 6, and 8 continued to exert superior antiviral effects (20.46, 20.87 , and 33.19% that seen in the control, respectively) compared with siRNA 2 (data not shown) at 3 dpi (P Յ 0.001). Thus, we chose siRNAs 5 (gp41 gene), 6 (gp41 gene), and 8 (nef) for further investigations.
HIV-1-specific siRNAs induce inefficient viral assembly. The HIV-1-specific siRNAs appeared to inhibit viral replication by affecting viral assembly (and/or release) at the cellular membrane. An experiment similar to that described above (Fig. 3) was performed, except that HIV-1 p24 antigen levels in both cell extracts and culture supernatants were measured from 1 to 3 dpi (Fig. 4) . When cell-free (virion-associated) p24 antigen is expressed as a percentage of intracellular p24 antigen, the result essentially is a reflection of the efficiency of viral production. For the control infection, with an ongoing duration of infection, viral production became increasingly inefficient. However, with each of the HIV-1-specific siRNAs, viral production was found to be most inefficient at 2 dpi. Significantly, viral production became relatively more efficient (P Յ 0.008) at 3 dpi. This type of increase was not observed either in the control infection (P ϭ 0.078) or when cells were transfected with nonspecific, scrambled siRNA (P ϭ 0.305). The inefficiency of viral production seemed to be correlated with the time at which most siRNAs would exert maximal interference in such transient assays. The inefficient viral production at 2 dpi likely was the result of altered stoichiometries of viral components (at least some of which are encoded by the transcripts for the gp41 gene, tat, rev, and nef) at the cell membrane.
HIV-1-specific siRNAs do not alter the infectivity of progeny virions. As noted above, the cognate sequences for at least siRNAs 5 and 6 are within the gp41 coding region. Hence, there was a possibility that progeny virions could have reduced infectivity. Supernatants (at 2 dpi) from the experiment described in Fig. 4 were tested in a MAGI assay (Fig. 5) . In all of the samples, the infectivity of the progeny virions varied from 0.7 to 3.14 infectious units per pg of HIV-1 p24 antigen. These values were statistically similar to the infectivity of the input virus (0.93 infectious unit per pg of HIV-1 p24 antigen) (P ϭ 0.433). It is likely that viral particles with aberrant stoichiometries of viral components failed to assemble and bud from the cell; this scenario would be one of the mechanisms for reduced viral production from cells possessing the above-described siRNAs.
HIV-1-specific siRNAs down-regulate the major spliced transcript. Alterations in the stoichiometries of viral components likely are the result of the siRNAs tested here clearing the spliced transcripts arising from the unspliced transcripts for the gp41 gene, nef, tat, and rev. To investigate this possibility, we performed RT-PCR of total RNA obtained from HeLaCD4 cells transfected with siRNAs 5, 6, and 8 and infected with HIV-1 NL4-3 (Fig. 6) . The major spliced transcript generated a 1.2-kbp RT-PCR product. The identity of the RT-PCR product was verified by Southern blotting. Oligonucleotides possessing cognate sequences for the three siRNAs were used as probes. Both the control infection and infection in the pres -FIG. 4 . HIV-1-specific siRNAs affect viral assembly. Intracellular levels of HIV-1 p24 antigen are not down-regulated in a significant manner. When extracellular p24 antigen levels (progeny virion-associated p24) are analyzed as a percentage of intracellular p24 antigen levels, the efficiency of viral production can be assessed. Infection in the absence of HIV-1-specific siRNAs becomes increasingly inefficient. However, infection in cells transfected with HIV-1-specific siRNAs exhibits maximal inefficiency at 2 dpi and then increases in a statistically significant manner. The inefficiency of viral production seems to be correlated temporally with maximal interference by siRNAs. However, with each of the siRNAs (individually or multiplexed), this spliced transcript was down-regulated. For each of the RNA samples tested above, similar quantities of ␤-globin transcripts were detected. RT-PCR without reverse transcriptase did not generate any products, indicating the absence of genomic DNA contamination. Thus, the down-regulation of the major spliced transcript likely is a factor contributing to the antiviral effect described above. HIV-1-specific siRNAs exert a potent antiviral effect on HIV-1 strains YU-2, JR-CSF, and NL4-3. Having established the antiviral effect of the siRNAs tested here, we next wished to test their efficacy in inhibiting the replication of YU-2, JR-CSF, and NL4-3. We performed cotransfection experiments with both 293T cells (Fig. 7) and HeLaCD4 cells (data not shown). In either setting, various amounts of plasmid DNAs (for these viral strains) were cotransfected with siRNAs 5, 6, and 8 (multiplexed). Scrambled (negative control) siRNA was also used to verify the specificity of inhibition. In both 293T and HeLaCD4 cells, the most potent antiviral effect was observed with HIV-1 YU-2. The decrease in the production of HIV-1 YU-2 in 293T cells varied from 1,040-to 242-fold that seen in the control. The decrease in HeLaCD4 cells varied from 331-to 6-fold that seen in the control. The decrease in the production of HIV-1 JR-CSF was between those for YU-2 and NL4-3. In 293T cells, the decrease was 121-to 18-fold that seen in the control, while in HeLaCD4 cells, there was a slightly more potent decrease, varying from 225-to 15-fold that seen in the control. In 293T cells, the decrease in HIV-1 NL4-3 infection varied from 100-to 7-fold that seen in the control. The decrease in HeLaCD4 cells varied from 29-to 6-fold that seen In each of these settings, the strongest inhibition was observed with the smallest amount of plasmid DNA (62.5 ng), and there was an almost proportional decrease in the levels of inhibition with increasing concentrations of plasmid DNAs. Cells cotransfected with scrambled (negative control) siRNA had levels of viral production similar to those of cells transfected with plasmid DNA alone (P ϭ 0.77). The results demonstrate that the HIV-1-specific siRNAs used in these experiments do indeed exert strong antiviral effects on these select neurotropic strains of HIV-1 and on strain NL4-3. HIV-1-specific siRNAs inhibit HIV-1 strain YU-2 infection in macrophages. Having established that the HIV-1-specific siRNAs tested here possess potent antiviral activity against the neurotropic isolates YU-2 and JR-CSF, we next proceeded to verify whether these siRNAs have the ability to similarly inhibit viral infection in primary human macrophages. Since maximal inhibition was observed against HIV-1 YU-2, we tested the antiviral efficacy of these siRNAs in macrophages (Fig. 8) . HIV-1 YU-2 infection was inhibited and the antiviral effect was sustained over a prolonged duration, as previously observed in a similar study (60) . At 2 dpi, no inhibitory effect was obvious; however, by 9 dpi, the siRNAs inhibited HIV-1 YU-2 infection significantly, to 46.12% that seen in the control (P ϭ 0.037).
DISCUSSION
These data demonstrate that siRNAs that target the region of the HIV-1 genome which contain regulatory as well as structural genes and in which transcripts undergo complex splicing events leading to the generation of multiple spliced HIV-1 alone (one set). Scrambled siRNA data are for 293T cells cotransfected with scrambled (negative control) siRNA and plasmid DNA for HIV-1 (one set). HIV-1-specific siRNA data are for 293T cells cotransfected with HIV-1-specific siRNAs (multiplexed) and plasmid DNA for HIV-1 (in triplicate; the means and standard deviations are indicated).
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ANTI-HIV-1 siRNAs AND NEUROTROPIC STRAINS 13693 transcripts are effective antiviral tools (21, 62, 67) . Our results demonstrate that disruption of these splicing events leads to the degradation of at least some of the spliced transcripts. These HIV-1-specific siRNAs significantly inhibited viral assembly without altering the infectivity of the progeny virions. A connection between these two observations may be related to stoichiometric alterations of viral components. We did not observe any aberrant transcriptional products in our analyses by both RT-PCR and Southern blotting. The fate of a transcript degraded by an siRNA is not clearly understood. Is there a simple down-regulation leading to reduced amounts of full-length transcripts, or do aberrant partially degraded transcripts exist? More importantly, are partially degraded transcripts translatable? It can only be speculated whether reduced quantities of viral proteins or aberrant viral proteins contribute to the observed antiviral effects. Although the former situation is clear, several studies have suggested how aberrant viral proteins affect the assembly process. For example, mutations in the HIV-1 gp41 cytoplasmic tail are known to drastically reduce the incorporation of gp120 in some cell types (3) . Such mutations can also affect oligomerization in a manner distinct from the incorporation of gp120 (8) . It is also likely that aberrant progeny virions (if present) did not form a significant majority of the viral population and hence had no influence on their overall infectivity. Nef expression is correlated with an increase in viral infectivity, at least in part by enhancing the quantity of Env products incorporated into viral particles (57) . There are no studies supporting the reverse, i.e., the consequence of Nef down-regulation on viral assembly and infectivity. Again, although we found that siRNA with a cognate sequence from the Nef coding region led to the inhibition of viral production, a concomitant decrease in viral infectivity was not observed.
Our ability to inhibit infection by neurotropic strains of HIV-1 (YU-2 and JR-CSF) along with X4-tropic strain NL4-3 is a key feature of this investigation. These strains appear to be potent antiviral tools for dissecting HIV-1 neuropathogenesis and neuroinvasion. Viral reservoirs, especially those associated with the CNS, are difficult to eliminate. The unique dynamics of HIV-1 replication in macrophages and the relative lack of cytopathic effects ensure sustained survival after infection, eventually contributing to making macrophages a formidable viral reservoir (5) . Macrophages represent a key target of HIV-1 in vivo. They are also the primary targets of HIV-1 in the nervous system. Infection of neurons and astrocytes was demonstrated recently by laser capture microdissection (68) , although this aspect of HIV-1 pathogenesis is still highly controversial. One of the prevalent hypotheses suggests that productive infection of macrophages or microglia leads to altered neuronal function and damage, which ultimately lead to HIVassociated dementia. Neurologic dysfunction in HIV-associated dementia appears to be a consequence of microglial infection and activation. Several neurotoxic immunomodulatory factors are released from infected and activated microglia, leading to altered neuronal function, synaptic and dendritic degeneration, and eventual neuronal apoptosis (22, 64, 72) . Hence, the ability to control infection by neurotropic strains of HIV-1 (R5/NSI) in macrophages or microglia is likely to enable interdiction of this crucial reservoir and possibly ameliorate the associated dysfunction.
MDMs have been shown to be able to be transfected with chemically synthesized siRNA duplexes to achieve sustained effects up to 7 days after transfection (60) . Additionally, several developments to efficiently deliver siRNAs make the prospect of sustained siRNA-mediated antiviral effects in these cells feasible. Several studies have attempted the in vivo delivery of siRNAs (9, 39, 46, 60, 61) . More importantly, a variety of vector-based delivery systems have been tested. The earliest developments involved plasmid vectors (12) , and now there are lentiviral vectors (1, 6, 37, 41, 45, 54, 71) , retroviral vectors (7, 19, 43) , and adenoviral vectors (11, 58, 66, 73) for delivering siRNAs into a wide variety of cells. Most of these vector systems use the U6 promoter (47) or the HI promoter (49) . Inducible plasmid vectors (69) and inducible lentiviral vectors (65, 71) are among the more complex recent additions. The availability of a wide variety of methods for delivering siRNAs and our HIV-1-specific siRNAs should enable investigators to obtain insights into developing RNAi-based therapeutic agents for altering certain viral reservoir sites.
